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Abstract
Background and aims Radial O2 loss (ROL) strongly
affect the O2 availability in the rhizosphere of rice. The
ROL create an oxic zone around the roots, protecting the
plant from toxic reduced chemical species and regulates
the redox chemistry in the soil. This study investigates
the spatio-temporal variability in O2 dynamics in the
rice rhizosphere.
Method Applying high-resolution planar optode imaging,
we investigated the O2 dynamics of plants grown in
water saturated soil, as a function of ambient O2 level,
irradiance and plant development, for submerged and
emerged plants.
Results O2 leakage was heterogeneously distributed
with zones of intense leakage around roots tips and
young developing roots. While the majority of roots
exhibited high ROL others remained surrounded by
anoxic soil. ROL was affected by ambient O2 levels
around the plant, as well as irradiance, indicating a direct
influence of photosynthetic activity on ROL. At onset of
darkness, oxia in the rhizosphere was drastically re-
duced, but subsequently oxia gradually increased, pre-
sumably as root and/or soil respiration declined.
Conclusion The study demonstrates a high spatio-
temporal heterogeneity in rhizosphere O2 dynamics and
difference in ROL between different parts of the rhizo-
sphere. Thework documents that spatio-temporalmeasure-
ments are important to fully understand and account for the
highly variable O2 dynamics and associated biogeochem-
ical processes and pathways in the rice rhizosphere.
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Introduction
Due to the importance of rice (Oryza sativa) as a staple
food source in global human nutrition, it is likely the
most studied plant growing in flooded and waterlogged
soils. However, studies on O2 dynamics in the rice
rhizosphere remain a challenge and the biogeochemical
functioning of the rice rhizosphere is still rudimentary.
Flooded conditions are a widespread phenomenon
among rice and it is estimated that about 75 % of all
rice are grown under O2 depleted conditions in flooded
and waterlogged soils, during part or all of the cropping
period (Roger et al. 1993). Rice plants growing in O2
depleted soils are potentially exposed to high levels of
harmful reduced/toxic chemical species, like H2S and
Fe2+ (Armstrong and Armstrong 2005; Mongon et al.
2014). To overcome these challenges a range of wetland
plants, including some rice genotypes, have evolved two
adaptations (I) development of a barrier against solutes
and gasses e.g., by increased suberization in exodermis
and/or ligninfication in sclerenchyma cells (Greenway
et al. 2006; Kotula et al. 2009) and/or (II) leakage of O2
to establish a protective oxygenated zone around the
roots, a strategy facilitated by well-developed gas
conducting aerenchyma inside the roots (Armstrong
1980; Kirk 1993). The two strategies vary extensively
between different species of wetland plants and even
among genotypes of the same species of wetland land
plants and even among genotypes of the same plant.
The widespread occurrence of ROL in rice plants and
the ability to form a barrier to ROL when grown in
stagnant solutions is extensively reported e.g., (Colmer
et al. 1998; Insalud et al. 2006; Kotula et al. 2009).
However, the ability to form a barrier to ROL varies
among different genotypes as demonstrated by Colmer
et al. (1998) and Colmer (2003), who investigated dif-
ferent rice genotypes of lowland rice from drained and
waterlogged soils. The studies demonstrated that geno-
types to various extend showed an increase in the root
porosity and a development of a tight barrier to ROL,
when grown in stagnant O2 depleted conditions, as
compared to oxygenated conditions (Insalud et al.
2006; Kotula et al. 2009; Shiono et al. 2011). The
plasticity in root physiology presumably contributes to
the ability of rice to grow in diverse environments at
different levels of waterlogging (Colmer 2003).
The O2 dynamic associated to roots without a tight
barrier to ROL can have important implications for the
redox conditions and the biogeochemical processes and
pathways that take place in the rhizosphere, such as
trace metal availability (Williams et al. 2014) and plaque
formations (Mendelssohn et al. 1995). The formation of
metal plaque in the rhizosphere of wetland plants is
often associated to ROL as plaque mainly reflects the
distribution of Fe-oxides (Wu et al. 2012). Plaque for-
mation on roots have been demonstrated to be important
for root nutrient and trace metal dynamics, generally
limiting phosphorus uptake and acting as sorption sites
for trace metal such Arsenic (Jiang et al. 2009; Deng
et al. 2010; Seyfferth et al. 2010). Plaque formation on
rice roots have generally been studies using extraction
based methods (Deng et al. 2010; Cheng et al. 2014) and
only few studies have investigated the spatial variation
of plaque distributions (Seyfferth et al. 2010), however,
the link between spatial variations in ROL and plaque is
not well documented.
Traditionally ROL from rice roots have been studied
using microelectrodes (Frenzel et al. 1992; Revsbech
et al. 1999; Colmer and Pedersen 2008), bulk measure-
ments (Kludze et al. 1993; Kirk and Du 1997) and
cylindrical O2 cathodes (Armstrong 1994; Insalud
et al. 2006). The studies demonstrate that ROL from
rice roots can be affected by e.g., irradiance (Waters
et al. 1989; Revsbech et al. 1999; Colmer and
Pedersen 2008) and flooding (Waters et al. 1989;
Pedersen et al. 2009). However, these studies often rely
on single point measurements of individual roots or
plants grown in artificial medium such as hydroponics
or agar medium. Single point measurements have pro-
vided valuable insight in root O2 dynamics of rice
plants, especially in cases where they have been per-
formed on soil grown plants (Frenzel et al. 1992;
Revsbech et al. 1999). However they only provide a
limited understanding on the overall O2 dynamic in the
rhizosphere and still little is known about the spatio-
temporal variations in ROL of intact rhizosphere grown
under natural condition.
Recently, two-dimensional luminescent imaging
(planar optodes) have been applied for rhizosphere and
soil studies investigating 2D O2, pH and pCO2 dynam-
ics (Frederiksen and Glud 2006; Blossfeld et al. 2013;
Rudolph et al. 2013; Williams et al. 2014). Planar
optodes are optical semitransparent sensors that allow
real-time and two-dimensional imaging of e.g., O2 by
means of a luminescent and analyte specific indicator.
By imaging the light emitted from the indicator, the
analyte concentration can be quantified and related to
physical structures in the soil. Planar optodes offer high
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spatial (>20 μm) and temporal (1–30 s) resolution com-
parable to those of microelectrodes, but can resolve
dynamics of larger areas of the soil rhizosphere
(>20 cm2) as compared to a single-point measurement
(Frederiksen and Glud 2006; Rudolph et al. 2013;
Jovanovic et al. 2015). The use of planar optodes has
provided new conceptual and quantitative understand-
ing of solute dynamics in such environments and on the
importance of microniche structure for the biogeochem-
ical functioning in such environments (Jensen et al.
2005; Schreiber et al. 2012; Faget et al. 2013).
Here we apply two-dimensional, high-resolution pla-
nar optode imaging to investigate the spatio-temporal
variability in O2 dynamics between individual roots
and different parts of the root system of rice exposed to
different environmental conditions. We furthermore
demonstrate a simple system for plaque imaging. Plants
were grown in flooded soil under natural conditions. The
O2 dynamics of the intact rhizosphere is investigated as a
function of ambient O2 levels, irradiance and plant de-
velopment for emerged and submerged plants. The pre-
sented data are used to provide an improved conceptual
and quantitative understanding of spatio-temporal O2
dynamics in the rhizosphere of young rice plants.
Materials and methods
Plant, soil and rhizotrons
Acrylic rhizotrons (H×W×D: 40×10×1.5 cm)
(Fig. 1a, b) were packed with soil sieved to<2 mm.
The soil was loamy sand (sand; 510 g kg−1 sand,
420 g kg−1 silt, 70 g kg−1 clay; pH(CaCl2) 5.4;
23 g kg−1 organic matter). The soil was added in layers
and was carefully compacted to ensure an overall ho-
mogeneous soil structure. The porosity of the soil was
calculated based on the mass of soil filled in the
rhizotrons, the filled rhizotron volume and estimated
soil particle density of 2.65 g cm−1. The depth of the
soil was ~25 cm. A detachable front window of the
rhizotron was opened and the soil surface was covered
by a sheet of transparent Nuclepore membrane
(Whatman.com, 0.2 μm pore size), ensuring that the
soil and roots remained undisturbed during removal of
the front window. The membrane did not have any
influence on the planar optode imaging - this was con-
firmed by comparing calibration curves for the planar
optode with and without the membrane (data not
shown). Subsequently, the rhizotrons were gently
filled with tap water and kept anaerobic for two
weeks prior to transplanting the rice seedlings.
Rice seeds, Oryza sativa (Indica cv. RIL 46) were
germinated for ten days between moist tissue paper
before transplanting the seedlings into the anaerobic
soil. At the time of transplantation the roots and shoots
were ~10 and 8 mm long, respectively. Seedlings were
planted close to the front window of the rhizotrons
(Fig. 1b), which were kept at an inclination of 45° to
ensure that roots developed along the front window of
the rhizotron.
Plants were grown at 22±2°C and an irradiance of
~150–200 μmol photons m−2 s−1 with a 14:10 h
light:dark cycle for three weeks prior to the three weeks
Fig. 1 a Front and b side view of experimental arrangement.
Cam; PCO SensiCam camera equipped with longpass emission
filter (590 nm), with output to PC, LED; Excitation unit with high
power LED and excitation filter, RH; Rhizotron box with plant and
soil, WR; water reservoir, PO; O2 sensitive planar optode foil, RP;
rice plant, Tri; trigger/timing unit with trigger input to PC and
LED,WL; water level, FiB; fiber optic O2 meter for measurements
in air/water above the plant. During optode imaging the water
reservoir and the rhizotron was kept at an inclination of 45°. The
water level in the rhizotron shown is for an emerged plant. Sche-
matic not to scale. cBlack and white image of a typical rice root as
seen through the transparent rhizotron window, membrane and
planar optode. d Planar optode O2 image of the rhizosphere of
rice (Oryza sativa L.) from the plant show in panel b. The image is
scaled to only show O2 levels from 0 to 70 % air sat. for better
visualization of the rhizosphere associated O2 dynamics
Plant Soil (2015) 390:279–292 281
long experimental period. The soil was kept in fully
water saturated and anaerobic conditions. However,
during the experimental period, the water height inside
the rhizotron was varied to simulate both emerged and
submerged conditions for the rice plants. The water
level was maintained by replacing the evaporated water.
No nutrients were added to the system.
In the following sections we use the term Bemerged^
for plants growing with leaves exposed to the air, but
with a water height of 8–10 cm inside the rhizotron,
covering the majority of the stem (Fig. 1 a, b). For
Bsubmerged^ plants the entire plants were covered by
water. During plant growth and the experimental period,
the lower part of the rhizotron was kept in darkness to
avoid exposing the roots and soil to light, which could
have affected the root development and induce the
growth of microphytes at the front plate.
Before planar optode imaging, the front window of
the rhizotron was removed and the rhizotron was trans-
ferred into a larger water reservoir, with the root and soil
surface facing the front of the reservoir (Fig. 1b). To
ensure that the soil experienced minimal O2 exposure as
the front window was removed, the procedure was
carried out in a deoxygenated water basin. During the
above procedure the rhizotron was kept at an inclination
below 45°, to ensure minimal displacement of the soil
and root. The rhizotron was fastened against the wall of
the reservoir chamber by a number of braces. The trans-
parent front window of the reservoir chamber had pre-
viously been equipped with an O2 sensitive planar
optode foil (see later). The replacement of the front
window did not lead to any disturbance or oxygenation
of the soil as evaluated from the planar O2 sensor.
Furthermore, the soil and plants were left to stabilize
for a minimum of 24 h to ensure that all O2 gradients had
reestablished before the experimental work was
initiated.
The water level in the reservoir was maintained be-
low the top of the rhizotron (Fig. 1a). The water reser-
voir with rhizotron was then placed in front of the
camera and LED setup. During O2 imaging, the water
reservoir including the rhizotron was kept at a 45°
inclination with the O2 imaging camera positioned per-
pendicularly to the optode. The long term stability of
planar optodes sensors, similar to the ones used in this
study, has been reported to be in the order of months
(Precht et al. 2004) and we likewise observed no drift in
the signal. No toxic effects of planar optodes have been
reported.
Optode sensor fabrication
The O2 quenchable luminophore PtTFPP (Platinum(II)-
5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorphenyl)-por-
phyrin (frontiersci.com), was chosen as O2 indicator due
to its excellent photostability and relatively long lumi-
nescent lifetime (Borisov and Klimant 2007). Coumarin
C545 (SigmaAldrich.com) was used as antenna dye in
order to increase the brightness of the indicator (Mayr
et al. 2009; Larsen et al. 2011). PtTFPP and Coumarin
C545 were mixed in a 1/2 % (wt/wt) ratio, respectively,
and dissolved in 4 % (wt/wt) polystyrene to form a
sensor cocktail, using chloroform as solvent. The sensor
cocktail was coated onto a 125 μm thick transparent
polyester foil (Goodfellow.com) using a homemade
knife-coating device. The final thickness of the highly
transparent O2 sensing layer was ~5 μm. The size of the
optode was 8×15 cm and covered the entire rhizosphere
of the rice plant (Fig. 1a).
Rhizosphere imaging of O2 and plaque
The planar optode system used in this study is similar to
what has been presented previously (Holst et al. 1998;
Frederiksen and Glud 2006) and will only be described
briefly. The luminescent lifetime of the O2 quenchable
luminophore was recorded with a fast gateable 12-bit
Charged Coupled Device camera (SensiCam, PCO.de)
through a 590 nm longpass filter (UQGoptics.com).
Excitation light was delivered from four blue high pow-
er LEDs (LXHL-LR3C, Luxeon.com) equipped with a
470 nm short pass filter (UQGoptics.com). The opera-
tion of camera and LED’s were synchronized via a
custom made PC-controlled triggerbox by the software
Look@Molli (Holst and Grunwald 2001). The lumines-
cent lifetime was inferred from two well defined time
frames configured by the software. Recorded images
were calibrated using the luminescent lifetime for two
known O2 levels (saturation in the overlying water and
0 % air sat. in anoxic soil), using a modified Stern-








Where τ0 is the luminescent lifetime in the absence of
O2 and τ is the lifetime in the presence of O2 at levels
(C), KSV the Stern-Volmer quenching constant and α is
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the non-quenchable fraction of the luminescent sig-
nal, the latter experientially determined to 0.12. All
images were recorded in darkness, i.e., for Blight-
images^ ambient light was briefly turned off, to avoid
interference from ambient light. For each O2 image a
corresponding black and white (BW) image was re-
corded. The maximum theoretical spatial resolution
that could be achieved with the given optical config-
uration was ~120×120 μm, however, we estimate that
the effective spatial resolution is two-three times low-
er that the maximum theoretical resolution due to light
guidance in sensor foil and acrylic walls (Fischer and
Wenzhofer 2010). This, however, will not affect any
of the qualitative or quantitative conclusions made in
this study.
The diffusive O2 uptake (DOU) just below the SWI
was calculated from extracted vertical O2 profiles, using
Fick’s first law of diffusion (Jørgensen and Revsbech
1985); DOU=ϕ×Ds×∂C/∂z, whereϕ represent the soil
porosity, Ds the molecular diffusion coefficient of O2 in
the soil at the given temperature and ∂C/∂z represent the
O2 gradient. The average volume-specific O2 consump-
tion was calculated as DOU/O2 penetration depth (Glud
2008). In the following sections we define the rhizo-
sphere oxic area as areas with O2 levels above the
detection limit of the optode sensor≥1 % air sat.
(2.3 μmol L−1). The detection limit is quantified as three
times the standard deviation of the measured concentra-
tion at anoxia for an area of 5×5 cm. We predominantly
use the Boxic area^ as a parameter for describing the
rhizosphere oxygenation as it allow for a direct compar-
ison between plants and treatments without converting
the values to a more complex geometry. However, the
oxic area is directly related to the ROL. As only one
planar optode imaging system was available, not all
plants were imaged continuously during the 3 week
experimental period; hence, the longest time series re-
corded is 6 days. The two-dimensional distribution of
plaque formation in the rhizosphere was imaged in a
parallel, experiment. Due to overlapping absorption
spectra of blue light by the plaque and planar optode,
it was not technically possibly to perform simultaneous-
ly imaging and hence plaque imaging was performed on
a separate and older root system. The imaging principle
is based on blue light absorption of Fe- and Mn-oxides
(Sherman and Waite 1985; Estapa et al. 2012), the
dominating minerals of root plaque in aquatic environ-
ments (Christensen and Sand-Jensen 1998). The absorp-
tion was imaged using a modified Canon D1000 camera
(Larsen et al. 2011) and a blue LED light source, as
previously described for the planar optode imaging.
Experimental procedure
The O2 distribution in the rhizosphere was investigated
as function of irradiance and O2 levels in the overlying
water and air, respectively, for both submerged and
emerged plants. The O2 saturation was regulated by
mixing N2 and atmospheric air by means of two
5850S mass flow controllers (BrooksInstruments.com)
controlled by a type 0154 digital control/readout unit
(BrooksInstrument.com). The O2 saturation in the
rhizotron above the soil level was monitored in parallel
by a Microx TX3 micro-optode O2 meter (PreSens.de).
Levels of irradiance were manipulated by varying the
height of the growth lamp (400 W HQI) relative to the
plant, the absolute irradiance was measured with a Li-
Cor 250 light meter equipped with a planar LI-190
Quantum Sensor (Licor.com). In total three plants were
investigated.
Results
Soil and root O2 dynamics
The soil in the rhizotron had a porosity of 0.58. The O2
penetration depth at the soil water interface (SWI) was
2 .7 mm (SD ± 0.2 , n = 6) a t 100 % ai r sa t .
(273 μmol L−1), as derived from the planar optode
images. The diffusive O2 uptake (DOU) just below the
SWI was 17.5 mmol m−2 d−1 (SD±2.9, n=6). The DOU
represents the soil O2 uptake meditated by diffusion
(Glud 2008). The average volume-specific O2 consump-
tion amounted to 0.07 nmol cm−3 s−1 (SD±0.015, n=6).
This value was used to estimate the integrated rhizo-
sphere related O2 consumption rates (see later). The O2
penetration depth and volume-specific O2 consumption
rates are in agreement with values measured in natural
rice paddy soil, ranging between 0.8 to 2.0 mm and
~0.02–0.14 nmol cm−3 s−1, respectively (Damgaard
et al. 1998; Reim et al. 2012).
Root system architecture and the corresponding O2
images were investigated for three rhizotrons each con-
taining one 3–6 week old plant; a typical example is
depicted in Fig. 1c, d. Typically, a zone of high O2 levels
was observed at the base of the plant (later referred to as
‘basal root zone’) that was usually connected to the O2
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rich overlying water. This basal root zone was observed
to have a high density of small young roots. From the
central oxygenated basal root zone, 4–7 roots
surrounded by a millimeter-thin oxic zone could be
observed, extending into the otherwise anoxic soil.
The oxic zone surrounding these roots generally embed-
ded the entire length of the root axis. The deepest roots
and associated oxygenated zone were observed 81 mm
below the SWI. From the BW images obtained in par-
allel to the O2 images, an average root diameter of
~0.32 mm was estimated for root section behind the
conically-shaped root tip; this value corresponds well
with other estimates from the literature of 0.35 to
0.5 mm for rice plants of similar age (Revsbech et al.
1999; Deng et al. 2010).
All investigated plants kept large parts of the soil oxic
throughout the three-week experimental period. For the
three plants the oxic area ranged from 631 to 1080 mm2
at ambient O2 levels of 100 % air sat. and irradiance of
~200 umol photons m−2 s−1 throughout the experiential
period.
Most roots were leaking O2 however 5–10 % of the
actively growing did not show any O2 leakage. There
was no apparent correlation between depth in the soil
and the intensity of O2 leakage.
Irradiance induced O2 dynamics in the rhizosphere
Light availability affected the O2 level in the rhizosphere
for both emerged and submerged plants. For an emerged
plant the onset of darkness lead to a rapid decrease in the
oxic rhizosphere area of 19.2 % (Fig. 2a) from a stable
value of 1080mm2 in light, to a minimum of 876 mm2~
2 h after the onset of darkness. The decrease in O2 was
closely matched by a simultaneous decrease of 24.3 %
in the mean O2 level within the oxic area. After the
initial decrease the O2 availability increased during the
prolonged exposures to darkness (Fig. 2a). During a
period of ~8 h the absolute increase in total rhizosphere
oxic area and mean O2 level, was found to be 41.8 mm
2
and 0.51 % air sat., corresponding to an increase of 4.77
and 4.80 %, respectively. The trend of increasing O2
levels during darkness was observed for several day-
night transitions and all plants, but the changes differed
for different sections of the rhizospheres. The mean O2
level at the basal root zone and at root tips was observed
to increase by 0.17–0.19% air sat. h−1. In contrast single
roots showed only an increase of ~0.04 % air sat. h−1.
For an emerged plant a step-wise increase in irradi-
ance from 0 to ~300 μmol photons m−2 s−1 caused a
gradual increase in rhizosphere oxic area of 64.0 %
(from 364 to 597 mm2), the corresponding increase in
the mean O2 level within the oxic area was 57.7 %
(Fig. 2b). As for the day-night transition roots and root
tips showed smaller change in O2 level, relative to the
basal root zone when levels of irradiance was changed.
During these experiments the O2 level in the air above
the emerged plant was maintained at 100 % air sat.
Changing the irradiance level for a submerged plant
gave similar results to those of emerged plants
(Fig. 2b). It should be noted that the oxic area of the
submerged plant was larger compared to the emerged
plant due to difference in plant size, the trend and
magnitude of the increase in oxic area is however com-
parable between the plants. The increase in oxic area for
the submerged plant was 39.2 % when changing the
irradiance from 0 to 300 μmol photons m−2 s−1.
O2 induced dynamics in the rhizosphere
Even though irradiance had considerable effect on the
O2 levels and dynamics in the rhizosphere, the most
dramatic changes were induced by regulating the O2
level in the air or water surrounding the aboveground
plant (Fig. 3a, b and d). For an emerged plant exposed to
100 % air sat., the root oxic area was 1012 mm2.
However as the O2 level was stepwise lowered, the
anoxic area gradually increased and the oxic area only
accounted for 142 mm2 at ambient O2 levels of 21 % air
sat. (Fig 3d), corresponding to a decrease in the oxic
area of 870 mm2. The maximum O2 level in the oxic
area decreased from 88.2 to 18.9 % air sat., respectively,
whereas the mean O2 level in the oxic area decreased
from 34.8 to 12.7 % air sat. Extrapolation of the ob-
served trends in oxic area and average O2 levels indi-
cated that the rhizosphere would become completely
anoxic at ambient O2 levels of ~13 % air sat. The root
tips appeared to be most sensitive to declining ambient
O2 levels; here anoxia was reached at ambient levels of
39.4 % air sat. (±SD=10.7, n=5). In comparison anoxia
was reached at ambient O2 levels of 19.7 % and 13.7 %
(±SD=10.6, n=4), for the basal root zone and the mid-
dle section of long roots, respectively.
Extracted O2 profiles from a typical root (Fig 3e),
demonstrated that the O2 level at the root surface de-
creased from 26.2 to 5.14% air sat., when the O2 level in
the ambient air was reduced from 100 to 21 % air sat.
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Fig. 3 a Planar optode O2 images of the rhizosphere of emerged
rice (Oryza sativa L.) as function of O2 level in the air above the
plant. TheO2 level in the air is 21 and 100% air sat., for (a) and (b)
respectively. c Close-up of a single root at 100 % air sat. in the air
above the plant. The dashed lines represents the position of ex-
tracted profiles, presented in (e) and (f). Images are scaled only to
show O2 levels from 0 to 70 % air sat., for better visualization of
rhizosphere O2 dynamics. d Oxic area of the rhizosphere as
function of O2 level in the air and water above the plant for a
submerged and emerged plant. e Variability of O2 distribution
across a single root from one profile, as function of O2 level in
the air above the plant. The position of the extracted profiles is
equivalent to the B0 mm^ profile (furthest away from the tip on
panel c). f Spatial variability in root O2 distribution as function of
distance from base of the root towards the tip, the position of the
profiles are indicated on (c), with profile B20 mm^ closest to the
root tip. The points in panel e and f represent individual pixels,
with a spatial resolution of 120×120 μm
Fig. 2 a Temporal development of the mean O2 level (black
circle) and the oxic area (white circle) in the rhizosphere of a rice
plant during a light/dark transition for an emerged plant (see text
for explanation). The oxic area was defined as the area with O2
levels >1 % air sat. Light grey color represent the dark period. The
O2 levels represent the mean value within the corresponding oxic
area and are based on measurements of 60,763 to 76,388 pixels. b
Development of the oxic area in the rhizosphere as function of
irradiance for an emerged (black bars) and submerged plant (white
bars). The difference in oxic area for the two plants is due to
variation in plant size. Error bars represent SD, calculated form
three individual images at each irradiance level. Each image is
based on measurements of 25,294 to 41,502 pixels
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Consequently, the width of the oxic zone decreased
from 1.3 to 0.6 mm. The extent of the oxygenated area
varied between neighbouring roots and along individual
roots. A transect of O2 profiles perpendicular to a single
root is presented in Fig. 3f, showing that the width of the
oxic zone decreased from 2.6 to 0.3 mm when ap-
proaching the root tip at 100 % air sat., and irradiance
of ~200 μmol photons m−2 s−1. The general pattern as
shown in Fig. 3e and f were observed for all roots on the
plant and for all plants investigated.
Changing the O2 level in the ambient water for sub-
merged plants gave very similar results as for emerge
plants. In fact we found that the root oxic area disap-
pears when an O2 level in the water was reduced to
~13 % air sat., this was the same threshold as estimated
for the emerged plant (Fig. 3d).
Temporal O2 dynamics
The spatial extent of the oxygenated rhizosphere zone
was dynamic, as the rhizosphere evolved; older roots
ceased to leak O2, while young, newly grown roots
exhibited high O2 release. We observed root growth
rates of up to 2.6 mm d−1. One example of the temporal
development is depicted in Fig. 4, where an emerging
root begins leaking O2 into previously anoxic soil (root
‘a’ in Fig. 4), while concurrently the O2 levels around a
neighbouring root drastically diminish (root ‘b’).
Interestingly it could be observed that as O2 leakage
from the main part of root ‘a’ diminishes with time,
leakage from its laterals roots could be observed
(Fig. 5). In contrast, O2 release from the neighbouring
roots remained virtually unchanged during this ~5.5 day
period.
Plaque distribution
The distribution of metal plaques was highly patchy and
variable between different roots – no roots were ob-
served to have plaque formation along the entire root
(Fig. 6). The total visual metal plaque-containing area in
the rhizosphere was found to be 739 mm2, 5.9 % of the
visible area. Plaque density was highest in a zone 41.1–
66.1mm below the soil surface. Below this zone, plaque
density decreased gradually. The soil area covered by
plaque did on average corresponded to ~30.4 % of the
visible root surface area.
Discussion
O2 dynamics in the rhizosphere studied by planar
optodes
We present novel high resolution two-dimensional im-
ages of the O2 dynamics of the rhizosphere of lowland
rice. We demonstrate that the spatio-temporal O2 distri-
bution in the rhizosphere is highly dynamic and affected
by abiotic factors (light and ambient O2 level) and
different responses are observed for different sections
of the rhizosphere. The use of high resolution planar
optodes greatly improves the possibility of understand-
ing and mapping these dynamics and furthermore
Fig. 4 Temporal development of O2 in the rhizosphere of a rice
plant. a, bO2 images recorded with 92 h interval from a 180 h long
time series. It can be observed that as one root (arrow ‘a’) expe-
rience a dramatically reduction in the oxic area during the 92 h
period, a new oxic zone develops around a fast growing
neighbouring root (arrow ‘b’, growth rate 2.6 mm d−1). The oxic
area around the roots to the right Bc^ remains unchanged. Extract-
ed O2 profiles from image (a) and (b) are show in panel (c), the
position of the profile is indicate on the images as a dotted line. A
close-up of root Ba^ with visible leakage from lateral roots is
shown in Fig. 5. The points in panel e and f represent individual
pixels, with a spatial resolution of 120×120 μm
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underpin that single point or single profile measure-
ments, cannot be extrapolated to the entire rhizosphere.
However, all planar optode imaging is performed
along a wall, this will have implications for the mea-
sured concentration and distribution of O2 (Wenzhofer
and Glud 2004; Glud 2008; Meysman et al. 2010). As
the wall does not consume O2, the oxic zone surround-
ing the roots is wider than for roots only surrounded by
soil. However, assuming that the oxic zone around roots
along the wall can be approximated as half-spherical or
half-cylinders and that the total oxic volume around
roots are independent of the wall, the radial O2 distribu-
tion for^ undisturbed^ roots can be calculated
(Frederiksen and Glud 2006; Polerecky et al. 2006).
The corrected width of the oxic zone is 29 to 41 % less
(depending on the width of the oxic zone) than the width
observed at the planar optodes. This correction is used in
all the following calculations.
Influence of irradiance and ambient O2 levels
on rhizosphere O2 dynamics
The O2 release from the roots was clearly affected by
changes in irradiance levels – suggesting that photosyn-
thetic O2 production is important for regulating radial
O2 loss (ROL). The observed mean increase of 57.7 %
air sat. in the rhizosphere O2 level during an increase in
irradiance from 0 to 300 μmol photons m−2 s−1, is
however lower than reported values from microsensors
studies for submerged rice grown in artificial substrates.
One study found an O2 increase in rice root tissue
10 mm behind the root tip of~500 % during a dark–
light cycle with irradiance: 350–400 μmol photons
m−2 s−1 (Colmer and Pedersen 2008). These values
however represent measurements inside the tissue of
plants grown in non-reducing agar medium. Likewise
it have been reported that a dark–light transition (irradi-
ance: ~900 μmol photons m−2 s−1), increased the O2 in
the root tissue by >300 %, for rice plants grown in
nutrient solution (Waters et al. 1989). Only a few studies
have, as the present one, investigated rhizosphere O2
dynamics of plants growing in natural soil. One micro-
sensor study, found no O2 changes inside root tissues
during a dark–light cycle (irradiance: 400–500 μmol
photons m−2 s−1) for rice plants of similar age compared
Fig. 5 Temporal development of ROL in the rhizosphere of a
single rice root during a ~5.5 d period. a, b, c, d and e represent a
close up of the root Ba^ in Fig. 4. The position of the root is
indicated with the dashed line in panel a. From the time series it
can be observed how ROL from the main root gradually disap-
pears, presumably due to a formation of a barrier to ROL. Simul-
taneously it can be observed how multiple fine lateral roots are
starting to leak O2
Fig. 6 High resolution two-dimensional visualization of metal
plaque on rice roots growing in submerged soil – the metal plaque
image is projected onto a black and white image of the root
position. A high spatial variability of the plaque among the indi-
vidual roots can be observed. Imaging can be performed continu-
ously in real time and allows for studies of spatial and temporal
developments of plaque. Areas with high densities of plaque are
shown with bright colors A.U. (Arbitrary units)
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to the plants in our study (Revsbech et al. 1999). The
explanation for this large discrepancy among studies is
not clear, but it is apparent that the highest responses to
light–dark shifts apparently are found for plants grown
in artificial, non-reducing media and are largely based
on single point measurements with O2 electrodes
(Waters et al. 1989; Colmer and Pedersen 2008). One
explanation is that comparison between studies is con-
founded by differences in plant morphology e.g., ROL
barrier and experimental conditions of the respective
studies. However, the variability of ROL observed in
this study show that single-point measurements only
give a limited insight in the true spatial heterogeneity,
as large differences in the extent of rhizosphere oxygen-
ation may exist within a single root system. In fact,
analyzing the dark–light response (irradiance:
300 μmol photons m−2 s−1) of individual pixels from a
single root, we found an relative increase up to 195 %,
while the average value across the oxygenated area of
this individual root was only 31.2 %.
After the initial sharp drop in rhizosphere O2 at the
onset of darkness, the subsequent steady increase in
rhizosphere O2 levels and expanding oxic area
(Fig. 2a) must be associated to I) concurrent reduction
in root (and shoot) respiration and/or II) an alternative
reduction in O2 respiration of microorganisms in the
surrounding soil. The first point is supported by the
evidence of reduced dark respiration in roots following
substrate depletion in plant tissue after prolonged expo-
sure to darkness (Waters et al. 1989; Colmer and
Pedersen 2008). As the metabolic activity is highest in
root tips, it is to be expected that shortage of substrates
would occur there first. This is consistent with our
finding that root tips and the basal root zone, hosting
relatively large amounts of young metabolically active
tissue, exhibit the fastest increase in O2 levels after the
initial decline. Therefore, we suggest that reduced res-
piration in the root tissues, at least partly, could explain
the observed increase of ROL during darkness.
Likewise, reduced leakage of organic substrates from
the root tip area would reduce soil metabolism and
increase the ambient O2 availability during nighttime.
We cannot quantitatively discriminate between the
importance of the two processes, but we suggest that
the resolved dynamic is related to reduced O2 consump-
tion in both the root and the surrounding soil. Both
factors are presumably being regulated by the availabil-
ity of plant derived exudates that in some cases have
been demonstrated to decrease during dark periods
(Watt and Evans 1999; Badri et al. 2010). The reduction
in soil/root respiration, estimated from extracted O2
profiles, during a day-night transition amounted to
32 %, from 0.081 nmol cm−3 s−1 (±SD=0.5×10−2,
n=6) to 0.064 nmol cm−3 s−1 (±SD=0.96×10−2,
n=12) (Fig. 7).
Regulation of rhizosphere O2 dynamics
Variation in the O2 levels in the ambient air/water sur-
rounding the plant imposed the largest O2 dynamics in
the rhizosphere. For the plants investigated it apparently
made little difference in rhizosphere O2 levels if plants
were submerged or emerged. We do not know if the rice
plants in our study had leaf gas film, previous studies
have shown that this is genotypic dependent. However,
the existence of such gas film could explain the apparent
tolerance to submergence, as it would facilitate an effi-
cient gas exchange between plant and water (Pedersen
et al. 2009).
The net downward O2 transport is passive, and the
degree of ROL is mainly controlled by the plants ability
to adapt root morphology e.g., by elevated levels of
suberin in the exodermis, lignin in the sclerenchyma
and increased aerenchyma volume (Kotula et al.
2009). The rapid decrease in root O2 leakage from the
main root axis and subsequently O2 leakage from the
fine lateral roots, under otherwise constant environmen-
tal conditions (Figs. 4 and 5), most likely reflect a shift
in root morphology and formation of a barrier to ROL.
Such rapid development of a barrier to ROL have pre-
viously only been observed for roots transferred from
oxic to anoxic conditions (Insalud et al. 2006). To our
knowledge, the transition in O2 leakage from root axis to
fine lateral roots has not previously been observed.
However, capturing such transition is only achievable
applying high resolution imaging approaches. From the
BW images it was not possible to conclude if laterals
were present already at Fig. 5a B0 h^ or if laterals were
formed during the image sequence. It have been pro-
posed that fine lateral roots are the dominant surface for
nutrient uptake (and remain permeable to O2) (Kirk
2003), thus it is plausible that the observed transition
also reflects a change in root functioning.
The present study shows that ROL of root tips was
particular sensitive to the ambient O2 level experienced
by the aboveground plant, presumably as a result of
intensified metabolism, longer transport distance from
the soil surface and a large surface-to-volume ratio.
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Rhizosphere O2 budget
Quantitative ROL rates can be calculated as : J=ϕ×RS×
L×(L/2×A+1), where ϕ is the soil porosity, Rs the soil
volume specific O2 uptake, L equals half the width of
the oxic zone (corrected for radial geometry, see above)
and A is the root diameter (Fenchel 1996). We used an
average root diameter of ~0.32 mm as assessed from 6
images and 4 different roots and the value for Rs calcu-
lated from the soil-water interface (see above). The
calculated ROL exhibited considerable spatial variabil-
ity. For instance did the ROL, as calculated from the
profiles in Fig. 3c, f, range spatially from 10.6 to
0 . 46 mmo l m − 2 d − 1 , w i t h an av e r ag e o f
5.22 mmol m−2 d−1. Extrapolating this procedure to all
observed single roots of the image in Fig. 3, (at
~200 μmol photons m−2 s−1 and 100 % air sat.), provid-
ed an mean ROL of 7.7 mmol m−2 d−1 (n=259 profiles)
for all visible roots in Fig. 3b. Although not all roots are
accessible for analysis (as some roots must grow in the
interior of the rhizotron) a plant specific ROL of
0.27 mmol d−1 can be calculated using previously esti-
mated plant specific root surface area of 3.5×10−2 m−2
plant−1 (Miyamoto et al. 2001). These findings are
comparable to previously reported ROL values of 0.24
to 1.11 mmol d−1 for 3 to 6 weeks old rice plants grown
in soil (Revsbech et al. 1999; Cheng et al. 2014), but are
substantially higher than rates derived from rice plants
grown in stagnant hydroponics (Deng et al. 2010; Wu
et al. 2012) with ROL rates of 1.3×10−2 and 2.3×
10−2 mmol d−1, respectively. It should be noted that
calculations by other authors (Revsbech et al. 1999)
and our present study, assume that oxic zones of indi-
vidual roots do not merge. As can be observed on Figs. 1
and 3, that is not the case at the central root base and the
assessments should thus be regarded as a maximum
value.
Assuming densities of 40 to 100 plants m−2 (as found
in typical paddy rice fields (Xu et al. 2006)), root in-
duced O2 leakage accounts for 10.8 to 27.0 mmol m
−2
d−1, at 100 % air saturation in the ambient air/water and
at an irradiance of ~200 μmol photons m−2 s−1.
Corresponding night time values would be 8.7 to
21.8 mmol m−2 d−1. Calculated on a 24 h time scale
(14:10 h, light–dark cycle) total soil O2 uptake in the
rhizosphere amount to 144 % of the diffusive O2 uptake
at the soil-water interface, indicating a considerable
rhizosphere-mediated gas exchange in rice paddies.
Altogether, our rates compare well to previously
reported values with daytime O2 uptake in the order of
30 mmol m−2 d−1 (125 plants m−2) (Revsbech et al.
1999).
The oxic volume amounts to 14.9 to 18.7 cm3 per
plant, for night and daytime, respectively, which for
natural plant densities scales (40 to 100 plants m−2) to
748 to 1870 cm3 m−2 and 604 to 1511 cm3 m−2, for day-
and nighttime, respectively. Rice paddies are usually
exposed to higher light and temperature than applied
Fig. 7 Volume specific O2 respiration at a typical root tip. Rates
are estimated based on extracted concentration profiles across the
tip. The rates are calculated based on simple planar diffusion
geometry. Values are mean for both Bsides^ of the root tip, with
error bars representing±SD, n=2. The grey shaded area represents
the dark period. The upper and lowers horizontal dashed lines
represent the mean O2 respiration for the light and dark period,
respectively (Light: 0.081 nmol cm−3 s−1, ±SD=0.5×10−2, n=6;
Dark: 0.064 nmol cm−3 s−1±SD=0.96×10−2, n=10). In compar-
ison, the soil volume specific respiration as calculated for the
primary soil-water interface was found to amount to
0.07 nmol cm−3 s−1±SD=0.015, n=6
Plant Soil (2015) 390:279–292 289
in our study. Hence, the absolute values on ROL and O2
consumption are therefore not directly comparable to
most in situ conditions. Nevertheless, we argue that the
conclusion on extensive temporal and spatial variations in
ROL of rice plants still is valid. In fact, natural conditions
with ever changing conditions in light and temperature
would favor an even higher degree of variability.
Most roots showed ROL, and only 5–10 % of roots
showed no traces of O2 leakage – even at maximum
light levels and 100 % ambient air saturation. The fact
that most roots of young rice leaks O2 aligns with
previous observations (Armstrong 1994; Revsbech
et al. 1999; Williams et al. 2014). It could be speculated
that for young small plants with short roots, O2 transport
at the prevailing conditions is sufficient to ensure O2 to
the root-tips and that no morphological adaptations to
restrain ROL is required or that short roots might not yet
be able for form a barrier to ROL owing to the devel-
opment stage for the tissue (Shiono et al. 2011).
Metal plaque distribution in the rhizosphere
Metal plaque images showed a high degree of spatial
variation, most likely reflecting variations in O2 avail-
ability (Fig. 6). Plaque formations mainly reflects Fe
oxidation and have been considered to be predominately
abiotically mediated (Mendelssohn et al. 1995), sug-
gesting a direct link between O2 leakage and plaque
formation (Wu et al. 2012; Cheng et al. 2014). Our
investigations showed that metal plaques were predom-
inantly found in a millimeter wide zone around the
roots, corresponding to the observed width of the oxic
zone, but were heterogeneously distributed along the
root in contrast to the observed continuous oxic zone
along roots. However, as root metal plaques can persist
in anoxic soil for months (Weiss et al. 2005) a direct
temporal link between ROL and plaque distribution at
any given time cannot be expected.
We did not measure metal plaque distribution and O2
dynamics on the same plant, but the potential of com-
bining real time imaging of O2 and metal plaque
distribution/dynamics could contribute to the under-
standing the heterogeneity in plaque dynamics and as-
sociated trace metal cycling (Deng et al. 2010; Seyfferth
et al. 2010; Cheng et al. 2014).
By applying high resolution O2 imaging we were
able so resolve how irradiance, ambient O2 levels and
plant development affected the O2 dynamics across the
rhizosphere. The data demonstrated that the spatio-
temporal dynamic in the rhizosphere of rice grown in
submerged soil is substantially larger than previously
anticipated. This underpins that extrapolations based on
single point measurements within the rhizosphere,
should be done with caution, as they likely provide an
oversimplified view on the rhizosphere processes. This
improved understanding of the magnitude and scale of
O2 dynamics can help to advance the understanding of
the biogeochemical cycling the rice rhizosphere.
In the presented study we used a luminescent lifetime
planar optode imaging approach but it should be noted
that comparable data quality can be achieved usingmore
simple and inexpensive imaging approaches (Zhu et al.
2006; Larsen et al. 2011; Tschiersch et al. 2011). With
such systems high resolution measuremnets of O2, pH
and pCO2 can be realized, greatly enhancing the possi-
bilities to study the spatialy complex rhizosphere.
Furthermore, planar optode imaging can be combined
with DGT measuremnts (Diffusive Gradient in Thin
films) for simultaniously measuremnets of O2/pH and
tracemetal fluxes (Stahl et al. 2012;Williams et al. 2014).
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